Fuel properties effect on the performance of a small high temperature rise combustor by Beckel, Stephen A. & Acosta, Waldo A.
NASA 
Technical Memorandum 102096 
AIAA-89-290 1 
AVSCOM 
Technical Report 89-C-004 
5 Fuel Properties Effect on the Performance of 
a Small High Temperature Rise Combustor 
(ABSA-TI-102056) FUEL PBCFE613ES E F F E C T  ON N89-25238 
X € E  PERYGRtlANCE OF A SHALL ElCt IEEPEBATUBE 
RISE COHBUS906 (E-ZLSA. L e u i s  Sesearch 
Center )  12 1: CSCL Z1E Unclas 
G3/07 0217628 
Waldo A. Acosta 
Propulsion Directorate 
U. S. Army Aviation Research and Technology Activity-A VSCOM 
Lewis Research Center 
Cleveland, Ohio 
and 
Stephen A. Beckel 
Pratt & Whitney Aircraft 
West Palm Beach, Florida 
Prepared for the 
cosponsored by the AIAA, ASME, SAE, and ASEE 
Monterey, California, July 10-12, 1989 
* 25th Joint Propulsion Conference 
US ARM 
AVlATlO 
SYSTEMS COMMAND 
AVIATION R I T  ACTlVlM 
https://ntrs.nasa.gov/search.jsp?R=19890015867 2020-03-20T01:48:09+00:00Z
FUEL PROPERTIES EFFECT ON THE PERFORMANCE OF A SMALL H I G H  TEMPERATURE R I S E  COMBUSTOR* 
. 
Waldo A .  Acos ta  
P r o p u l s i o n  D i r e c t o r a t e  
U.S. Army A v i a t i o n  Research and Technology A c t i v i t y  - AVSCOM 
Lewis Research Center 
C1 eve1 and, Oh io  
and 
Stephen A.  Beckel  
Government Produc ts  D i v i s i o n  
P r a t t  & Whitney A i r c r a f t  
West Palm Beach, F l o r i d a  
A b s t r a c t  
The performance o f  an advanced smal l  h i g h  tem- 
p e r a t u r e  r i s e  combustor was e x p e r i m e n t a l l y  d e t e r -  
mined a t  t h e  NASA Lewis Research Center .  The 
combustor was des igned t o  meet t h e  requ i remen ts  o f  
advanced h i g h  tempera ture ,  h i g h  p ressu re  r a t i o  t u r -  
b o s h a f t  eng ines .  
f u e l  i n j e c t o r  and advanced segmented l i n e r  des ign .  
The f u l l  s i z e  combustor was eva lua ted  a t  power con- 
d i t i o n s  r a n g i n g  from i d l e  t o  maximum power. The 
e f f e c t  o f  b road f u e l  p r o p e r t i e s  was s t u d i e d  by e v a l -  
u a t i n g  t h e  combustor w i t h  t h r e e  d i f f e r e n t  f u e l s .  
The f u e l s  used were JP-5, a b lend  o f  D i e s e l  Fuel  
Marine/Home Hea t ing  O i l  (DFMIHHO). and a b l e n d  o f  
Suntec C/Home H e a t i n g  O i l  (SunC/HHO). T h i s  paper 
documents t h e  f u e l  p r o p e r t i e s  e f f e c t  on t h e  p e r -  
formance o f  t h e  combustor i n  terms o f  p a t t e r n  f a c -  
tor ,  l i n e r  tempera tures ,  and exhaust  em iss ions .  
The combustor f e a t u r e d  an advanced 
I n t r o d u c t i o n  
a smal l  h i g h  tempera ture  r i s e  combustor was i n v e s t i -  
ga ted  a t  t h e  NASA Lewis Research Cen te r .  Combustor 
performance and emiss ions  were documented for  a JP-5 
b a s e l i n e  f u e l  and two a l t e r n a t i v e  f u e l s ,  a b l e n d  o f  
D i e s e l  Fuel  Marine/Home Hea t ing  O i l  (DFM/HHO) and a 
b l e n d  o f  Suntec C/Home Hea t ing  O i l  (SunC/HHO). 
As domest ic  sources o f  h i g h  q u a l i t y  c rudes  
d i m i n i s h ,  coup led  w i t h  i nc reased  c o m p e t i t i o n  fo r  t h e  
m ldd le  d i s t i l l a t e s ,  j e t  a v i a t i o n  f u e l  s p e c i f i c a t i o n s  
may r e q u i r e  m o d i f i c a t i o n  or r e l a x a t i o n  t o  ensure  
adequate s u p p l i e s .  For  any g i v e n  a p p l i c a t i o n ,  t h e  
optimum gas t u r b i n e  f u e l  i s  one t h a t  r e p r e s e n t s  t h e  
b e s t  compromise s o l u t i o n  t o  t h e  v a r i o u s  problems 
c o n f r o n t i n g  t h e  o i l  companies, t h e  eng ine  and a i r -  
c r a f t  manu fac tu re rs ,  and t h e  o p e r a t o r .  For t h e  
c i v i l  o p e r a t o r  t h e  main  requ i remen ts  a r e  s a f e t y ,  
r e l i a b i l i t y ,  low c o s t ,  and ease of  h a n d l i n g .  F o r  
t h e  m i l i t a r y .  c o s t  i s  o f  secondary impor tance com- 
pared w i t h  a v a i l a b i l i t y ,  supp ly  l o g i s t i c s  and t h e  
need for  t r o u b l e  f r e e  o p e r a t i o n  o v e r  a wide range 
o f  c o n d i t i o n s .  
R e l a x a t i o n  o f  f u e l  s p e c i f i c a t i o n s  c o u l d  
adve rse l y  a f f e c t  a i r c r a f t  eng ine  per fo rmance and 
d u r a b i l i t y .  The e f f e c t  o f  f u e l  p r o p e r t i e s  i s  n o t  
cons tan t  fo r  a l l  combustors.  The per fo rmance w i t h  
a l t e r n a t e  f u e l  changes from one combustor t o  
another  due t o  d i f f e r e n c e s  i n  o p e r a t i n g  c o n d i t i o n s  
and des ign .  I n  genera l ,  f u e l  p r o p e r t i e s  e f f e c t  on 
t h e  combustor per fo rmance can be c l a s s i f i e d  as 
p h y s i c a l  or chemical  i n  n a t u r e .  
The e f f e c t  o f  fue l  t y p e  on  t h e  performance o f  
Fue l  p h y s i c a l  p r o p e r t i e s  tha t  govern  a tomiz-  
a t i o n  and e v a p o r a t i o n  r a t e s  w i l l  a f f e c t  i g n i t i o n  
c h a r a c t e r i s t i c s ,  lean-b lowout  l i m i t s ,  combust ion 
e f f i c i e n c y ,  unburned hydrocarbons ,  and carbon mon- 
o x i d e  emiss ions .  
n i t r i c  o x i d e  emiss ions ,  a r e  n e a r l y  u n a f f e c t e d  by 
f u e l  chemis t r y ,  as i n d i c a t e d  by  hydrogen c o n t e n t  
and /o r  a romat i c  c o n t e n t .  
Flame r a d i a t i o n ,  l i n e r  w a l l  tempera ture ,  and 
s m k e  emiss ions  a r e  more dependent on t h e  chemical  
p r o p e r t i e s  o f  t h e  f u e l  s p e c i a l l y  i n  r e g a r d  t o  
hydrogen and a romat i cs  c o n t e n t .  
a c t u a l  combust ion process ,  t h e r e  i s  o n l y  a s l i g h t  
v a r i a t i o n  i n  t h e  chemical  r e a c t i o n  r a t e s  between 
t h e  v a r i o u s  hydrocarbon f u e l s  o f  i n t e r e s t  to  t h e  
a i r c r a f t  gas t u r b i n e  i n d u s t r y .  The reason b e i n g  
t h e  s l i g h t  d i f f e r e n c e s  i n  a d i a b a t i c  f l ame tempera- 
t u r e  and t h e  f a c t  t h a t  b e f o r e  e n t e r i n g  t h e  t r u e  
r e a c t i o n  zone a l l  t h e  f u e l s  a r e  l a r g e l y  p y r o l i z e d  
t o  methane, o t h e r  1-2 carbon atom hydrocarbons, and 
hydrogen. 
r e a c t i o n  zone n e a r l y  independent  of t h e  f u e l  
i n j e c t e d .  
S ince  t h e  1970 's .  t h e  A i r  Force, Army, Navy, 
NASA, General  E l e c t r i c ,  P r a t t  & Whitney, and o t h e r  
eng ine  manu fac tu re rs  have conducted  a n a l y t i c a l  and 
exper imen ta l  programs t o  de te rm ine  t h e  e f f e c t s  of 
a n t i c i p a t e d  f u t u r e  f u e l s  on e x i s t i n g  eng ines .  
o f  t h e  r e s u l t s  can be found  i n  Refs.  1 t o  6. 
Navy, Army, NASA, and P r a t t  & Whitney was to  quan- 
t i f y  t h e  f u e l  p r o p e r t i e s  e f f e c t  on a sma l l  h i g h  tem- 
p e r a t u r e  r i s e  combustor s p e c i f i c a l l y  des igned to  
o p e r a t e  on a l t e r n a t i v e  f u e l s .  
t h e  r e s u l t s  o b t a i n e d .  Performance measurements i n  
terms o f  p a t t e r n  f a c t o r ,  smoke, and combust ion e f f i -  
c i e n c y  were a c q u i r e d  a t  combustor e x i t  tempera ture  
c o n d i t i o n s  up t o  1825 K (2825 OF) w i t h  JP-5 and two 
a l t e r n a t i v e  f u e l s .  A d d i t i o n a l l y ,  t h e  combustor was 
ins t rumen ted  w i t h  imbedded meta l  thermocouples,  and 
a s e t  o f  rad iomete rs  were i n s t a l l e d  t o  q u a n t i f y  f u e l  
p r o p e r t i e s  e f f e c t s  on t h e  r a d i a n t  hea t  l oads  t o  t h e  
combustor w a l l s .  
Apparatus 
These parameters ,  and thermal  
Concern ing  t h e  
T h i s  makes t h e  gas compos i t i on  i n  t h e  
Some 
The purpose o f  t h i s  j o i n t  e f f o r t  i n v o l v i n g  t h e  
T h i s  paper desc r ibes  
Tes t  Fac i  1 i ty  
The combustor was mounted i n  d u c t  A o f  t h e  
t e s t  f a c i l i t y  CE9B ( F i g .  1 )  l o c a t e d  i n  t h e  Engine 
Research B u i l d i n g  (B ldg .  5 )  a t  NASA Lewis .  The 
l a b o r a t o r y  a i r  supp ly  can m a i n t a i n  a i r f l o w  r a t e s  up 
*Work per fo rmed as p a r t  o f  NAVY C o n t r a c t  
N00140-83-C-8899. 
1 
t o  15 kg /sec  (33  l b / s e c )  a t  p ressu re  l e v e l s  up t o  
30 atm. Tes ts  were conducted w i t h  i n l e t  a i r  p res-  
sure  r a n g i n g  up to  20 atm w i t h  t h e  a i r  i n d i r e c t l y  
heated  t o  about  a tempera ture  o f  725 K (850 O F )  i n  
a c o u n t e r f l o w  tube  h e a t  exchanger.  The h o t  gases 
were p r o v i d e d  by  f o u r  5-47 combustor cans b u r n i n g  
n a t u r a l  gas. The tempera ture  of t h e  a i r  was au to-  
m a t i c a l l y  c o n t r o l l e d  by  m i x i n g  t h e  heated  a i r  w i t h  
v a r y i n g  amounts o f  c o l d  by-pass a i r .  
t h rough  t h e  h e a t  exchanger and by-pass f low system 
and t h e  t o t a l  p ressu re  o f  t h e  combustor were regu- 
l a t e d  by  r e m o t e l y  c o n t r o l l e d  va l ves .  
A i r f low 
Combus tor 
The f u l l - a n n u l a r  combustor r i g  used i n  t h i s  
program i s  des igned t o  s i m u l a t e  a 2983 t o  5220 kW 
(4000 t o  7000 shp) c l a s s  t u r b o s h a f t / p r o p  t y p e  eng ine  
combust ion system. 
advanced segmented l i n e r  des ign .  
o f  i n l e t ,  combustor,  and exhaust  cases capab le  o f  
w i t h s t a n d i n g  f u l l - e n g i n e  o p e r a t i n g  c o n d i t i o n s  o f  
20 atm and 840 K (1050 O F )  ( d i f f u s e r  e x i t  cond i -  
t i o n s ) .  A water -coo led  exhaust  t r a n s i t i o n  d u c t  was 
a l s o  f a b r i c a t e d  t o  mount ing  o f  t h e  r i g  t o  t h e  NASA 
f a c i l i t y .  An advanced f u e l  i n j e c t o r  d e s i g n  deve l -  
oped under a Navy c o n t r a c t  w i t h  P r a t t  & Whitney 
was used i n  t h i s  exper imen ta l  program ( C o n t r a c t  
The combustor f e a t u r e d  an 
The r i g  c o n s i s t s  
N00140-83-C-8899). 
Fuels 
The f u e l s  used i n  t h e  exper imen ta l  program were 
JP-5, D i e s e l  Fuel  MarineIHome H e a t i n g  O i l  (DFM/HHO) 
b lend ,  and Suntec C/Home Hea t ing  O i l  (SunC/HHO) 
b lended f u e l s .  The f u e l s  were chosen t o  p r o v i d e  a 
range f u e l  p r o p e r t i e s  t y p i c a l  of broadened s p e c i f i -  
c a t i o n  f u e l s  o f  t h e  f u t u r e .  The f u e l  p r o p e r t i e s  a r e  
p resen ted  i n  Tab le  1 .  
I n s t r u m e n t a t i o n  
The i n s t r u m e n t a t i o n  r e q u i r e d  t o  suppor t  t h e  
h igh -p ressu re  f u l l - a n n u l a r  r i g  t e s t i n g  measured a i r  
and f u e l  f low, d i f f u s e r  a i r  t empera tu re  and p res -  
sure.  combustor l i n e r  p ressu re  drop ,  and exhaust  gas 
emiss ions ,  t empera tu re  and p ressu re .  To ensure  ade- 
qua te  s a f e t y  and l o n g e v i t y  o f  t h e  combustor r i g  and 
f a c i l i t y ,  t h e  tempera ture  o f  t h e  c o o l i n g  a i r  and 
wa te r  was measured. R i g  and exhaust  d u c t  meta l  tem- 
p e r a t u r e s  were a l s o  measured. 
Combustor i n s t r u m e n t a t i o n  l o c a t i o n s  a r e  shown 
s c h e m a t i c a l l y  i n  F i g .  2. Sensor redundancy was pro-  
v i d e d  a t  a l l  a x i a l  l o c a t i o n s  to  ensure  measurement 
accuracy .  Combustor e x i t  c o n d i t i o n s  were measured 
w i t h  a r o t a t i n g  t r a v e r s e  probe.  The t r a v e r s e  probe 
c o n s i s t s  o f  two p la t i num/ rhod ium thermocoup le  rakes  
l o c a t e d  a t  180 degrees from each o t h e r  and an emis- 
s i o n s  rake .  Thermocouple and emiss ions  probes  fo r  
each r a k e  were p o s i t i o n e d  a t  f i v e  r a d i a l  l o c a t i o n s .  
Measurements were taken  eve ry  1.98" (seven read ings  
p e r  f u e l  i n j e c t o r / l 8 2  d a t a  p o i n t s )  fo r  a f u l l  360" 
sweep. 
tempera ture  l i m i t  o f  t h e  thermocoup le  r a k e  t h a t  was 
es t ima ted  t o  be a t  a h o t  spo t  t empera tu re  o f  2033 K 
(3200 OF). 
Temperature d a t a  were a c q u i r e d  up t o  t h e  
The combustor l i n e r  was ins t rumen ted  w i t h  24 
imbedded thermocouples.  Each l i n e r  had 12 thermo- 
coup les  a t  2 c i r c u m f e r e n t i a l  p o s i t i o n s  and 6 a x i a l  
l o c a t i o n s .  Two porous-p lug  r a d i o m e t e r  p robes  were 
i n s t a l l e d  t o  measure r a d i a n t  hea t  f l u x  t o  t h e  com- 
b u s t o r  w a l l s .  
2 
Procedure 
Tes t  C o n d i t i o n s  
The smal l  h i g h  tempera ture  r i s e  combustor was 
opera ted  a t  t e s t  c o n d i t i o n s  based on a gas t u r b i n e  
eng ine  c y c l e  w i t h  a compressor p ressu re  r a t i o  o f  20. 
Due t o  f a c i l i t y  l i m i t a t i o n s ,  some o f  t h e  h i g h  power 
c o n d i t i o n s  were r u n  a t  a lower  i n l e t  tempera ture  
than t h e i r  des ign  c o n d i t i o n .  For those c o n d i t i o n s ,  
t h e  f u e l  a i r  r a t i o  was inc reased  to  ach ieve  t h e  
des ign  tempera ture  r i s e  and e x i t  tempera ture .  A 
t a b u l a t i o n  o f  t h e  t e s t  c o n d i t i o n s  used i n  t h i s  s tudy  
i s  g i v e n  i n  Tab le  2.  
Emissions Measurements 
Exhaust gas samples were o b t a i n e d  a c c o r d i n g  t o  
t h e  procedures  recommended i n  Refs.  7 and 8. 
Exhaust gases were w i thdrawn th rough  t h e  r o t a t i n g  
probe mounted a t  t h e  e x i t  o f  t h e  combustor.  
sample tempera ture  was h e l d  a t  app rox ima te l y  425 K 
(305 "F) i n  t h e  e l e c t r i c a l l y  heated  sampl ing  l i n e .  
Most o f  t h e  gas sample en te red  t h e  ana lyze r  oven, 
w h i l e  t h e  excess sample was bypassed t o  t h e  exhaust  
system. To p r e v e n t  f u e l  accumu la t i on  i n  t h e  sample 
l i n e ,  a n i t r o g e n  purge was used b e f o r e  and d u r i n g  
combustor i g n i t i o n .  
A f t e r  pass ing  th rough  t h e  ana lyze r  oven t h e  gas 
sample was d i v i d e d  i n t o  f i v e  p a r t s ,  and each p a r t  
was ana lyzed.  Concen t ra t i ons  o f  ox ides  o f  n i t r o g e n ,  
carbon monoxide and carbon d i o x i d e ,  and hydrocarbons  
were measured by  t h e  chemi luminescence, nondi  spersed- 
i n f r a r e d ,  and f l ame i o n i z a t i o n  methods, r e s p e c t i v e l y .  
Oxygen c o n c e n t r a t i o n s  were measured u s i n g  a p o l a r o -  
g raph ic  sensor .  
c r e t e  c i r c u m f e r e n t i a l  p o s i t i o n s  o r i e n t e d  i n - l i n e ,  
and between i n j e c t o r s  t o  e s t a b l i s h  an average read- 
i n g .  Two or t h r e e  samples p e r  p o s i t i o n  were 
ob ta ined .  The smoke probe was c o n f i g u r e d  as a 
ganged r a k e  w i t h  sample p o r t s  o r i e n t e d  a t  f o u r  
r a d i a l  l o c a t i o n s .  The SAE smoke number was ca l cu -  
l a t e d  f o l l o w i n g  t h e  procedures  recommended i n  Ref.  9 .  
The gas 
Smoke measurements were a c q u i r e d  a t  f i v e  d i s -  
R e s u l t s  and D iscuss ion  
Combustor research  r e l a t i n g  t o  t h e  development 
o f  f u e l  e f f i c i e n t  smal l  gas t u r b i n e  eng ines  capab le  
o f  meet ing  f u t u r e  commercial and m i l i t a r y  a v i a t i o n  
needs i s  c u r r e n t l y  underway a t  NASA Lewis .  A smal l  
h i g h  tempera ture  r i s e  combustor i n c o r p o r a t i n g  an 
advanced segmented l i n e r  and f u e l  i n j e c t o r  des ign  
was e x p e r i m e n t a l l y  e v a l u a t e d  a t  power c o n d i t i o n s  up 
t o  20 atm p ressu re  r a t i o  and exhaust  tempera tures  
up t o  1825 K (2825 O F ) .  The combustor was r u n  on 
JP-5, D i e s e l  Fuel  Marine/Home Hea t ing  O i l  (DFM/HHO) 
b lend,  and Suntec C/Home Hea t ing  O i l  (SunC/HHO) 
b lended f u e l s .  
Emissions and Combustion E f f i c i e n c y  
Emissions measurements were a c q u i r e d  a t  cond i -  
t i o n s  up t o  100 percen t  power c o n d i t i o n .  Combustion 
e f f i c i e n c i e s  g r e a t e r  than 99.9 p e r c e n t  were measured 
a t  a l l  power c o n d i t i o n s  above i d l e  f o r  a l l  t h e  f u e l s .  
I d l e  e f f i c i e n c y  was lower  a t  85 pe rcen t .  
r e q u i r e d  fo r  smal l  gas t u r b i n e  eng ines ,  t h e  emiss ion  
A l though emiss ion  l e v e l s  a r e  n o t  c u r r e n t l y  
l e v e l s  a r e  an i n d i c a t i o n  o f  t h e  e f f e c t i v e n e s s  o f  t h e  
combust ion process  i n  r e l a t i o n s h i p  t o  t h e  i n t e r n a l  
f low and m i x i n g  dynamics. Emiss ion  index  i s  d e f i n e d  
as t h e  grams o f  p o l l u t a n t  p e r  k i l o g r a m  o f  f u e l  
burned. The emiss ion  index  for  unburned hydro- 
carbons was l e s s  than  one (1 .0 )  and l e s s  than  t h r e e  
(3 .0 )  for  carbon monoxide a t  h i g h  power c o n d i t i o n s .  
A t  i d l e ,  t h e  emiss ion  index  o f  unburned hydrocarbons 
and carbon monoxide i nc reased  i n  accordance w i t h  t h e  
loss i n  combust ion e f f i c i e n c y .  No f u e l  t y p e  e f f e c t  
was observed.  
Smoke 
One way t o  determine i f  a combustor i s  ope ra t -  
i n g  s a t i s f a c t o r i l y  i s  by  measur ing  t h e  amount o f  
p a r t i c u l a t e  i n  t h e  exhaust .  I t  i s  v e r y  i m p o r t a n t  
for  t h e  m i l i t a r y  and commercial a i r c r a f t  to  opera te  
w i t h o u t  any v i s i b l e  smoke emiss ions .  Smoke i s  t h e  
p roduc t  o f  f i n e l y - d i v i d e d  soo t  p a r t i c l e s  i n  f u e l -  
r i c h  zones o f  t h e  combust ion f l ame.  I t  c o u l d  a l s o  
be produced anywhere i n  t h e  combust ion zone where 
m i x i n g  i s  inadequate .  For a l l  p r a c t i c a l  purposes, 
t h e  combustor may be d i v i d e d  i n  two separa te  zones, 
f i r s t ,  t h e  p r i m a r y  zone, wh ich  governs t h e  r a t e  o f  
soo t  f o r m a t i o n  and, second, t h e  d i l u t i o n  zone, which 
de termines  t h e  r a t e  o f  soo t  consumption or ox ida -  
t i o n .  Most o f  t h e  soo t  produced i n  t h e  p r i m a r y  zone 
i s  consumed i n  t h e  h i g h  tempera ture  r e g i o n s  down- 
stream. Thus, t h e  soo t  c o n c e n t r a t i o n  measured a t  
t h e  e x i t  o f  t h e  combustor i s  an i n d i c a t i o n  o f  t h e  
s t r e n g t h  o f  one zone o v e r  t h e  o t h e r .  
i c a l  and chemical  p r o p e r t i e s  o f  t h e  f u e l .  P h y s i c a l  
p r o p e r t i e s  such as v o l a t i l i t y  and v i s c o s i t y  wh ich  
a f f e c t  t h e  mean d rop  s i z e ,  p e n e t r a t i o n  and evapora- 
t i o n  o f  t h e  f u e l  spray ,  c o n t r o l  t h e  f o r m a t i o n  o f  
l o c a l  f u e l - r i c h  r e g i o n s .  Chemical p r o p e r t i e s ,  which 
a r e  r e l a t e d  to  mo lecu la r  s t r u c t u r e ,  w i l l  c o n t r o l  t h e  
r e s i s t a n c e  t o  carbon or soo t  p r o d u c t i o n  o f  each d i f -  
f e r e n t  f u e l .  
Smoke p r o d u c t i o n  can be i n f l u e n c e d  by t h e  phys- 
The e f f e c t  o f  f u e l  t y p e  on t h e  measured SAE 
smoke number i s  shown i n  F i g .  3. For  t h i s  p a r t i c -  
u l a r  combustor t h e  exper imen ta l  smoke d a t a  c o r r e -  
l a t e s  v e r y  w e l l  w i t h  t h e  amount o f  hydrogen i n  t h e  
f u e l s .  The r e s u l t s  c o n f i r m  t h e  w e l l  e s t a b l i s h e d  
tendency t h a t  smoke inc reases  w i t h  r e d u c t i o n s  i n  
hydrogen c o n t e n t . 1 0 , l l  Other  s t u d i e s  have shown 
t h a t  f u e l s  c o n t a i n i n g  h i g h  c o n c e n t r a t i o n s  o f  po ly -  
c y c l i c  a romat i cs  produce more smoke than  those con- 
t a i n i n g  low concen t ra t i ons .12113  The f u e l  t y p e  
e f f e c t  d i m i n i s h e d  as t h e  power l e v e l  i nc reased  as 
shown by t h e  s lope  o f  t h e  curves  fo r  each power 
cond i  t i o n .  
The combustor o p e r a t i n g  c o n d i t i o n s  t h a t  a f f e c t  
smoke p r o d u c t i o n  a r e  p ressu re ,  tempera ture ,  and p r i -  
mary zone equ iva lence  r a t i o .  
sure  i s  more severe  a t  h i g h  power c o n d i t i o n s .  The 
inc rease  i n  p ressu re  c r e a t e s  more i d e a l  c o n d i t i o n s  
f o r  t h e  p r o d u c t i o n  o f  smoke. For example, t h e  f lam-  
m a b i l i t y  l i m i t s  a r e  extended and soot i s  produced 
i n  r e g i o n s  t h a t  o t h e r w i s e  would be too r i c h  t o  burn ,  
a l s o  an i n c r e a s e  i n  p ressu re  speed up t h e  r e a c t i o n  
r a t e s  and combust ion i s  i n i t i a t e d  e a r l i e r  and i n  
f u e l - r i c h  r e g i o n s  a d j a c e n t  t o  t h e  f u e l  sp ray .  Pres- 
sure  i nc reases  a l s o  tends  t o  reduce t h e  spray  ang le  
r a i s i n g  t h e  m i x t u r e  s t r e n g t h  i n  t h e  soo t  f o r m i n g  
r e g i o n .  The e f f e c t  o f  i n l e t  tempera ture  i s  n o t  w e l l  
unders tood,  b u t  i nc reases  i n  combustor e x i t  tempera- 
t u r e  h e l p  t o  o x i d e  t h e  soo t  formed i n  t h e  p r i m a r y  
The e f f e c t  o f  p res-  
zone. I n c r e a s i n g  t h e  p r i m a r y  zone equ iva lence  r a t i o  
w i t h o u t  improv ing  t h e  f u e l - a i r  d i s t r i b u t i o n  w i l l  
i n c r e a s e  t h e  smoke p r o d u c t i o n  by  c r e a t i n g  more l o c a l  
f u e l - r i c h  zones. 
The smoke c o r r e l a t i o n  parameter (SCP) p r o v i d e s  
a good c o r r e l a t i o n  of t h e  SAE smoke number and t h e  
combustor o p e r a t i n g  c o n d i t i o n s  as shown i n  F i g .  4. 
The smoke c o r r e l a t i o n  parameter (SCP) i s  d e f i n e d  as: 
where 
I$ f r o n t  end equ iva lence  r a t i o  
P t 3  combustor i n l e t  p ressu re  
T t 3  combustor i n l e t  tempera ture  
Even though t h e r e  i s  n o t  a c l e a r  unders tand ing  
o f  t h e  e f fec t  o f  i n l e t  tempera ture  on t h e  SAE smoke 
number, from t h e  d e f i n i t i o n  i t  c o u l d  be i n f e r r e d  
t h a t  h o l d i n g  e v e r y t h i n g  e l s e  cons tan t ,  an i n c r e a s e  
i n  combustor i n l e t  tempera ture  would r e s u l t  i n  a 
r e d u c t i o n  i n  t h e  SAE smoke number. For a f i x e d  
i n l e t  p ressu re  and equ iva lence  r a t i o ,  i n c r e a s i n g  t h e  
i n l e t  tempera ture  r e s u l t s  i n  an i nc rease  i n  t h e  gas 
tempera ture ,  wh ich  he lps  t o  o x i d i z e  t h e  s o o t  formed 
i n  t h e  p r i m a r y  zone. 
ope ra ted  a t  o f f -des ign  c o n d i t i o n  due t o  f a c i l i t y  
l i m i t a t i o n s  (low i n l e t  tempera ture) ,  and SCP was 
c a l c u l a t e d  fo r  t r u e  des ign  c o n d i t i o n  as shown i n  
F i g .  5 .  T h i s  r e s u l t  i n d i c a t e s  t h a t  t h i s  combustor 
would p r o v i d e  a des ign  smoke number o f  l e s s  than  15 
fo r  t h e  range of f u e l  p r o p e r t i e s  t e s t e d ,  wh ich  i s  
below t h e  v i s i b i l i t y  l i m i t s .  
P a t t e r n  F a c t o r  
S ince  t h e  combustor was 
Complete combustor e x i t  tempera ture  d a t a  were 
acqu i red  a t  power l e v e l  c o n d i t i o n s  up t o  IRP fo r  a l l  
t h r e e  f u e l s .  The p a t t e r n  f a c t o r  was c a l c u l a t e d  
acco rd ing  to: 
Tt4max - Tt4eqave 
Tt4eqave - T t 3  
PF = 
where 
Tt4max 
Tt4eqave 
T t3  combustor i n l e t  tempera ture  
tempera ture  were used t o  compensate for any tempera- 
t u r e  measurement e r r o r .  The e q u i l i b r i u m  average 
e x i t  tempera ture  was c a l c u l a t e d  based on measured 
combustor i n l e t  c o n d i t i o n s  and f u e l / a i r  r a t i o . 1 5  
maximum e x i t  tempera ture  (Wei b u l l  
a n a l y s i  s )14  
equ i  1 i b r i  um average e x i t  tempera ture  
We ibu l l  a n a l y s i s  and e q u i l i b r i u m  average e x i t  
The r e s u l t s ,  as a f u n c t i o n  o f  combustor temper- 
a t u r e  r i s e ,  a r e  shown i n  F i g .  5. P a t t e r n  f a c t o r s  
o f  0 . 2 5 ~ 0 . 0 2  were demonstrated fo r  a l l  f u e l s  when 
o p e r a t i n g  a t  high-power l e v e l s .  No a p p r e c i a b l e  f u e l  
e f f e c t  i s  shown o v e r  t h e  range o f  c o n d i t i o n s  t e s t e d .  
The p a t t e r n  f a c t o r  i s  a f f e c t e d  by t h e  f u e l  t y p e  
th rough  t h e  e f f e c t s  o f  v i s c o s i t y  and s u r f a c e  t e n s i o n  
on d r o p l e t  e v a p o r a t i o n  t ime .  A t  t h e  o p e r a t i n g  con- 
d i t i o n s  s t u d i e d ,  t h e  e v a p o r a t i o n  t i m e  was a smal l  
3 
f r a c t i o n  o f  t h e  t o t a l  combustor res idence  t i m e  des- 
p i t e  o f  t h e  f u e l  t y p e  and n o t  a p p r e c i a b l e  e f f e c t  on 
p a t t e r n  f a c t o r  was observed. 
E a r l i e r  s t u d i e s  found t h a t  p a t t e r n  f a c t o r  has 
a tendency t o  inc rease  as hydrogen c o n t e n t  i s  
decreased.6 T h i s  was a t t r i b u t e d  t o  t h e  f o r m a t i o n  
o f  carbon d e p o s i t s  i n  t h e  s w i r l  cup and d i s r u p t i n g  
t h e  f u e l  sp ray .  I n s p e c t i o n  o f  t h e  f u e l  nozz les  
a f t e r  t e s t i n g  showed no carbon d e p o s i t s .  The p a t -  
t e r n  f a c t o r  r e s u l t s  o b t a i n e d  i n  t h i s  s tudy  demon- 
s t r a t e  t h a t  t h e  advanced f u e l  n o z z l e  des ign  can 
t o l e r a t e  d i f f e r e n t  t ypes  o f  f u e l s  w i t h  a wide range 
o f  p r o p e r t i e s .  
L i n e r  Temperature 
Heat i s  f i r s t  t r a n s f e r r e d  t o  t h e  combustor 
l i n e r s  by c o n v e c t i o n  and r a d i a t i o n  from t h e  h o t  
gases i n s i d e  i t .  Then, hea t  i s  t r a n s f e r r e d  away 
from t h e  l i n e r  by  c o n v e c t i o n  t o  t h e  a i r  i n  t h e  
annulus between t h e  l i n e r  and t h e  o u t e r  c a s i n g  and 
by r a d i a t i o n  from t h e  l i n e r  t o  t h e  combustor cas ing .  
The geometry and p h y s i c a l  d imensions o f  t h e  com- 
b u s t o r ,  and t h e  o p e r a t i n g  c o n d i t i o n s  w i l l  de te rm ine  
t h e  r a t i o  between t h e  c o n v e c t i o n  and r a d i a t i o n  hea t  
t r a n s f e r  mechanisms. 
I n  t h i s  s tudy ,  t h e  e f f e c t  o f  f u e l  t y p e  on t h e  
r a d i a t i v e  hea t  f l u x  was s t u d i e d  u s i n g  a porous p l u g  
t ype  rad iomete r  p robes .  The measured r a d i a n t  hea t  
f l u x  i s  shown i n  F i g .  6 as a f u n c t i o n  o f  p e r c e n t  
hydrogen c o n t e n t  for each power c o n d i t i o n  t e s t e d .  
The r a d i a n t  hea t  f l u x  i nc reased  w i t h  r e d u c t i o n s  i n  
hydrogen c o n t e n t  and inc reases  i n  power l e v e l .  The 
r a t e  a t  wh ich  t h e  r a d i a n t  hea t  f l u x  i nc reases  w i t h  
r e d u c t i o n s  i n  hydrogen c o n t e n t  i s  a lmos t  c o n s t a n t  
fo r  t h e  40, 60, and 80  p e r c e n t  power c o n d i t i o n s ,  b u t  
i t  s t a r t s  t o  change w i t h  t h e  100 p e r c e n t  power con- 
d i t i o n  and a t  t h e  maximum combustor e x i t  t empera tu re  
c o n d i t i o n  t h e  e f f e c t  of f u e l  t y p e  on h e a t  f l u x  i s  
v e r y  smal l  as shown i n  F i g .  6.  For each f u e l  
t e s t e d ,  a r e d u c t i o n  i n  hydrogen c o n t e n t  was assoc i -  
a t e d  w i t h  an i n c r e a s e  i n  a romat i cs  c o n t e n t .  A s  d i s -  
cussed e a r l i e r ,  i nc reases  i n  a romat i cs  c o n t e n t  a r e  
d i r e c t l y  r e l a t e d  t o  i nc reases  i n  soo t  p r o d u c t i o n .  
The same p r i n c i p l e s  d i scussed  for  t h e  e f f e c t  o f  f u e l  
p r o p e r t i e s  on smoke a p p l y  t o  r a d i a n t  hea t  f l u x .  
The e f f e c t  o f  f u e l  t y p e  on l i n e r  tempera ture  
i s  shown i n  F i g .  7 .  The tempera ture  measurements 
p resen ted  i n  F i g .  7 were made a t  t h e  t r a i l i n g  edge 
o f  t h e  f i r s t  l i n e r  segment on t h e  i n n e r  l i n e r .  The 
tempera tures  shown a r e  a l l  from t h e  same thermo- 
coup le .  That  i s  one o f  t h e  reasons  why t h e  measured 
l i n e r  tempera tures  do n o t  i n c r e a s e  t h e  same way t h a t  
t h e  r a d i a t i v e  hea t  t r a n s f e r  f l u x  does. The hea t  
f l u x  probe used i n  t h i s  exper imen ta l  program had a 
f a i r l y  wide v iew ang le  making i t  l e s s  s e n s i t i v e  t o  
l o c a l  changes i n  t h e  c o n c e n t r a t i o n  o f  t h e  s o o t  pa r -  
t i c l e s  due t o  changes i n  t h e  f u e l  spray  p a t t e r n  and 
combustor o p e r a t i n g  c o n d i t i o n s .  Another  reason may 
be t h e  r e d u c t i o n  i n  i n l e t  tempera ture  exper ienced  
due to  f a c i l i t y  l i m i t a t i o n s .  The lower  i n l e t  a i r  
tempera ture  p r o v i d e d  more hea t  s i n k  c a p a b i l i t y .  
d i t i o n  s tud ied ,  t h e  l i n e r  tempera ture  i nc reases  w i t h  
i n c r e a s i n g  a romat i cs  c o n t e n t  ( r e d u c i n g  hydrogen con- 
t e n t ) .  The l i n e r  tempera tures  for  SunC/HHO, t h e  
f u e l  w i t h  t h e  l owes t  hydrogen c o n t e n t  and h i g h e s t  
a romat i c  c o n t e n t ,  were h i g h e r  than DFM/HHO and JP-5 
a t  eve ry  power c o n d i t i o n  s t u d i e d .  L i k e w i s e ,  t h e  
I t  i s  shown i n  F i g .  7 t h a t  f o r  each power con- 
l i n e r  tempera tures  for  DFM/HHO f u e l ,  wh ich  has 
h i g h e r  a romat i cs  and lower  hydrogen c o n t e n t  t han  
JP-5, a r e  h i g h e r  than JP-5 f u e l  and lower  than  SunC/ 
HHO f u e l .  
An advanced segmented l i n e r  des ign  concept  p ro-  
v i d i n g  good d u r a b i l i t y  and l i f e  c h a r a c t e r i s t i c s  w i t h  
m in ima l  c o o l i n g  requ i rements  was used i n  t h i s  s tudy .  
I n  t h i s  l i n e r  des ign  concept,  t h e  pane ls  or s h i n g l e s  
p r o v i d e  thermal  p r o t e c t i o n  t o  t h e  l o a d - c a r r y i n g  sup- 
p o r t  s t r u c t u r e .  The i n d i v i d u a l  pane ls  a r e  mounted 
on t h e  suppor t  s t r u c t u r e .  W i th  t h i s  method, t h e  
pane ls  a r e  mechan ica l l y  decoupled from t h e  r e l a -  
t i v e l y  c c o l  suppor t  s t r u c t u r e  r e s u l t i n g  i n  reduced 
thermal  s t r e s s  l e v e l s  w i t h i n  t h e  l i n e r  s t r u c t u r e  and 
d r a m a t i c a l l y  improved l i n e r  c y c l i c  l i f e  c h a r a c t e r i s -  
t i c s .  The d u r a b i l i t y  o f  the  segmented l i n e r  des ign  
concept  i s  de termined by t h e  tempera ture  c a p a b i l i t y  
o f  t h e  m a t e r i a l  used t o  f a b r i c a t e  t h e  pane ls .  The 
m a t e r i a l  used i n  t h i s  s tudy  had a tempera ture  l i m i t  
o f  1256 K (1800 O F ) .  P o s t - t e s t  i n s p e c t i o n  r e v e a l e d  
s i g n s  o f  c o r r o s i o n  a t  t h e  t r a i l i n g  edge of t h e  f i r s t  
i n n e r  l i n e r  segment ( t h e  one neares t  t o  t h e  f u e l  
i n j e c t o r )  i n d i c a t i n g  t h a t  t h e  tempera tures  a t  t h e  
l o c a t i o n  exceeded t h e  1256 K l i m i t .  L i n e r  tempera- 
t u r e s  g r e a t e r  t han  1200 K (1700 "F )  were measured 
on  t h e  f i r s t  pane ls  o f  t h e  o u t e r  l i n e r ,  b u t  l i t t l e  
ev idence o f  meta l  e r o s i o n  was observed. The remain- 
i n g  pane ls  were found t o  be i n  e x c e l l e n t  c o n d i t i o n  
and l i n e r  tempera tures  below 1090 K (1500 "F )  were 
reco rded  fo r  a l l  power c o n d i t i o n s .  
Summary o f  R e s u l t s  
1. No d i s c e r n i b l e  f u e l  e f f e c t  was observed for  
p a t t e r n  f a c t o r ,  gaseous emiss ions ,  or combust ion 
e f f i c i e n c y .  
and l i n e r  me ta l  tempera tures  i nc rease  w i t h  power 
l e v e l  and dec reas ing  f u e l  hydrogen c o n t e n t .  
r a d i a n t  hea t  f l u x  t o  f u e l  hydrogen c o n t e n t  i s  r e l a -  
t i v e l y  c o n s t a n t  o v e r  t h e  range o f  c o n d i t i o n s  t e s t e d .  
4. The ca rbon- f ree  o p e r a t i o n  o f  t h e  advanced 
f u e l  i n j e c t o r  d u r i n g  t h i s  t e s t  s e r i e s ,  c o n f i r m s  t h e  
f u e l  t o l e r a n c e  c a p a b i l i t y  o f  t h e  des ign .  
5.  Except fo r  some f i r s t  I .D .  pane l  t r a i l i n g -  
edge e r o s i o n ,  t h e  segmented combustor l i n e r  exh ib -  
i t e d  d u r a b l e  f u e l - t o l e r a n t  c a p a b i l i t y .  
2 .  I n  genera l ,  SAE smoke number, r a d i a n t  f l u x ,  
3. The s e n s i t i v i t y  o f  smoke p r o d u c t i o n  and 
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